Penicillin G at low concentrations blocked cell division in Caulobacter crescentus without inhibiting cell growth. The long filamentous cells formed after two to three generations under these conditions had a stalk at one pole and usually one or more flagella at the opposite pole. The failure of the filaments to form a second stalk at the flagellated pole indicates that stalk formation was dependent upon completion of a step that was also required for cell division. Two observations support this conclusion. (i) Penicillin did not stop the normal development of synchronous swarmer cells into stalked cells; thus the primary action of the drug was not to inhibit stalk initiation and stalk elongation. (ii) When the action of penicillin was reversed by the addition of penicillinase to cultures of filaments, stalks were not formed at the nonstalked pole until after cell division had occurred; thus the normal order of developmental events was maintained: cell division --stalk formation. These results are consistent with a model in which the organization of the developmental program for stalk formation occurs before cell division as a consequence of steps that branch from the cell division pathway.
Penicillin G at low concentrations blocked cell division in Caulobacter crescentus without inhibiting cell growth. The long filamentous cells formed after two to three generations under these conditions had a stalk at one pole and usually one or more flagella at the opposite pole. The failure of the filaments to form a second stalk at the flagellated pole indicates that stalk formation was dependent upon completion of a step that was also required for cell division. Two observations support this conclusion. (i) Penicillin did not stop the normal development of synchronous swarmer cells into stalked cells; thus the primary action of the drug was not to inhibit stalk initiation and stalk elongation. (ii) When the action of penicillin was reversed by the addition of penicillinase to cultures of filaments, stalks were not formed at the nonstalked pole until after cell division had occurred; thus the normal order of developmental events was maintained: cell division --stalk formation. These results are consistent with a model in which the organization of the developmental program for stalk formation occurs before cell division as a consequence of steps that branch from the cell division pathway.
A central problem to understanding cell differentiation is how developmental programs are established for new cell types. Caulobacter crescentus, a gram-negative bacterium, is a good microbial system for the study ofthis problem because cell division is asymmetrical and produces two different cell types, a motile swarmer cell and a nonmotile stalked cell. These two cells follow different developmental pathways: the stalked cell divides repeatedly to produce new swarmer cells, whereas the swarmer cell, which cannot divide, loses motility and develops into a stalked cell (2, 7) .
Unlike most bacteria, C. crescentus goes through a number of structural changes during the cell cycle, but, in common with other bacteria, cell division is an important morphological event in the development of these cells. It is the division site that first differentiates the swarmer cell. This structure is formed early in the cycle closer to the nonstalked pole of the stalked cell (11) , and a progressive pinching at this site produces a smaller swarmer cell and a larger stalked cell when cell separation takes place. Evidence for a direct relationship between cell division and control of development comes from an analysis of conditional cell cycle mutants (6) . These studies show that the completion of specific steps in a dependent deoxyri- bonucleic acid synthesis-cell division pathway are required for swarmer and stalked cell development. We have now extended this analysis of development by investigating the effects of a specific inhibitor of division. We have used penicillin to selectively block division in C. crescentus and then determined the effect of this treatment on subsequent development. These results and those obtained after reversal of the penicillin effect indicate a close coupling between the cell division pathway and the control of stalked cell development in these bacteria.
MATERIALS AND METHODS
Strains and growth conditions. All experiments were conducted on C. crescentus strain CB15 (ATCC 19089). Cells were grown in minimal salts medium (2) supplemented with 0.2% glucose at 30°C in a gyratory shaker bath. A generation time of 150 to 180 min was routinely observed.
Monitoring of cell growth. Growth was normally followed by total particle count with a Coulter model B counter or by turbidity at 650 nm. The size distribution of cells after treatment with penicillin (see Fig. 3 ) indicates that optical density is a reasonably accurate index of growth of filamenting cells. Particle counts were taken on samples that had been diluted 100-fold in saline-formaldehyde solution (0.85% NaCl, 10% formalin) within 12 h of dilution. The grids prepared with either procedure were examined in a Hitachi HS-7 electron microscope, operating at an instrumental magnification of about 5,000. Cell length and location of a division site were measured on micrographs, using a magnifying lens equipped with a 1-mm scale with 0.1-mm divisions.
RESULTS
Preferential inhibition of cell division by penicillin G. Penicillin is an inhibitor of cell wall synthesis that at low concentrations will preferentially inhibit cell division ofboth grampositive (4) and gram-negative (8, 10) bacteria; in Escherichia coli, long filamentous cells are formed after prolonged growth in the presence of the drug (10). We have observed that penicillin has a similar effect on cell division in C. crescentus; to determine optimal conditions for blocking division without causing cell lysis or inhibiting growth, cells were cultured in minimal glucose medium with different concentrations of the drug. After 8 h of growth, samples were taken from the culture and stained with Gray's flagella stain. The proportion of filamentous cells found at each concentration of the antibiotic was used as an index of the extent to which cell division had been blocked.
The data in Table 1 show that 210 U/ml was the minimum concentration of penicillin capable of essentially complete inhibition of division in C. crescentus. Lower concentrations were much less effective as judged from the reduced yield of filaments, and higher concentrations did not produce a significant increase in the number of filaments. No lysis could be detected microscopically in any of the conditions used in this experiment.
The effect of these and higher concentrations on growth (as estimated by optical density) was also examined. The results (Fig. 1) show that penicillin concentrations up to 300 U/ml did not inhibit growth, but there was a noticeable inhibition at 500 U/ml, and cell lysis clearly took place at 600 U/ml.
Kinetics of penicillin G effect on cell division and growth. The results in Fig. 2 are typical of a number of experiments in which C. crescentus cells were cultured with 210 or 300 U of penicillin per ml. Cell division was not blocked immediately after the drug was added, but it continued for about 60 min before stopping abruptly. Cell number then remained constant for the next 5 h. Absorbance was consistently observed to increase more rapidly in the treated than in the untreated culture; this could result from either an effect on growth or the change in cell shape induced by penicillin.
Light microscopy revealed that penicillintreated cultures gradually lost motility, and within 2 h after the addition of the inhibitor, no motile cells or filaments could be observed. The period of motility can be accounted for by the production of new, motile swarmer cells during the 60 min of residual division after addition of penicillin (Fig. 2) , plus the 45 to 50 min re- quired for a swarmer cell to lose motility (5) . Since we know that motility is "turned on" shortly before cell separation (5), it may be that the penicillin block of division also prevents activation of the flagella in those cells unable to complete cell division. Although the filaments are not motile, results discussed below suggest that the cells form new flagella in the presence of penicillin.
Size distribution of penicillin filaments. The size distribution of penicillin-treated C. crescentus cells and of untreated cells was determined from electron micrographs of negatively stained samples. Cells in a control culture of strain CB15 ranged between 1 and 3 ,um in length ( Fig. 3A; 11) , whereas cells grown with penicillin for 6 h ranged from 3 to 13 ,m, with a mode of 7 to 8 ,tm (Fig. 3B) . The width of the filaments in the two cultures was the same.
The failure of penicillin treatment to change the cell width and the observations on the length distribution of filaments (Fig. 3B) 
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Stalk formation is dependent on the cell division pathway. The effect of blocking division on development in C. crescentus was determined by using stalk formation as an index of stalked cell development (swarmer cell -* stalked cell) and flagellum formation as an index of swarmer cell development (stalked cell -* new swarmer cell) (6) . Examination of cultures that had grown for 6 h in the presence of penicillin showed that filaments invariably had a single stalk at one end. The opposite end, which would have become a swarmer cell had division taken place, was often flagellated and carries no stalk (Fig. 4) . Since a stalk would normally form at this pole 60 min after division, the failure of this step to occur even after 5 to 6 h suggests that stalk formation (one step in the stalked cell developmental program) is "division dependent" rather than "age dependent."
The inability of penicillin filaments of C. crescentus to form second stalks did not result from a direct effect of the drug on stalk initiation or elongation. Synchronous cultures of swarmer cells were treated with 300 U of penicillin per ml, and motility and stalk formation were followed microscopically. All of the cells lost motility and formed stalks at the expected times. Cell division was inhibited and stalk formation was blocked in the subsequent cell cycle, however. Thus, stalk development must be dependent upon steps in the division pathway of the previous cell cycle. A second line of evidence supporting this conclusion comes from studies on the timing of division and stalk formation after reversal of the penicillin block; these results are considered below.
Penicillin-treated cells were also examined for the presence of flagella. A large fraction of the filaments had flagella, some with multiple flagella (Table 2, Fig. 4) . The 10% figure for filaments with two flagella in the preparations examined probably reflects an even higher percentage of cells with multiple flagella in culture since we know that these structures are frequently lost during preparation of the cells for electron microscopy.
Reversal of penicillin inhibition. Penicillin was effectively removed from cultures with minimal disturbance to the cells by the addition of penicillinase. When penicillinase was added to a culture that had been grown with the drug for 6 h, cell number began to increase within 40 to 60 min (Fig. 5) . Initially, the filaments divided more rapidly than cells in the control culture, and after several hours of incubation Size distribution of untreated C. crescentus cells (A) and offilaments (B) formed after 6 h of growth in the presence ofpenicillin G. Measurements were made from photomicrographs that were prepared and stained for electron microscopy as described in Fig. 4. the rate of division was comparable to that in the control culture (data not shown).
Reversal of penicillin inhibition allowed us to look at two aspects of development: (i) the pattern of division by the filaments to determine whether the location of division sites is random or nonrandom, and (ii) the sequence of cell division and stalk formation after release of the penicillin block to determine whether the normal order, cell division -> stalk formation, is maintained. These points are considered in the next two sections.
Location of the division site in dividing filaments. Penicillin-induced filaments were allowed to resume division as shown in Fig. 5 , and samples were taken at different times after the addition of penicillinase for electron microscopy. There was a significant increase in the percentage of filaments with a single division site during the experiment, and the number with two division sites increased from 0 to 22% in 45 min (Table 3) . Since all of the filaments examined had only one stalk, it was possible to determine the location of the division site relative to the stalked pole. In 80% of the filaments with a single division site, the site was closer to the nonstalked pole. This pattern of unequal division is generally similar to division in untreated cells, where an asymmetric placement of the division site early in the cell cycle determines the production of a nonstalked swarmer cell that will be smaller than the stalked cell (11).
Developmental sequence after removal of penicillin. The failure to observe any filaments with two stalks after addition of penicillinase (Table 3) suggested that new stalks are not made until after cell division has occurred. The exact sequence of developmental events after reversal of the penicillin block was followed by VOL. 128, 1976 459 collecting progeny cells from the stalk distal ends of filaments. These cells, which were released after penicillinase treatment of filaments that had been previously attached to the bottom of a glass petri plate, were examined for morphology and cell division. The results were as follows.
(i) All progeny cells released during the first 10 min after the onset of division were motile swarmer cells. Cells collected from the plate 60 and 140 min after the beginning of division were also swarmers.
(ii) Most of the progeny swarmer cells were from 3 to 5 um long. This compares to a swarmer cell length of approximately 1.0 ,m found in exponential, untreated cultures (11) .
(iii) The cells formed stalks at 40 min and began to divide at about 145 min after collection (Fig. 6) . Both of these events occurred 20 to 30 min earlier than they do in normal synchronous cultures of swarmer cells.
Thus, after release of the penicillin block, development resumes in the normal sequence: division of the filament, stalk formation by the large swarmer cell, and finally division of the stalked cell. The timing with which the events occur is accelerated, however. This acceleration of development is consistent with the large size of the released swarmer cells and the normal size distribution observed after overnight incubation of these cultures (data not shown).
DISCUSSION
We have used the morphology of penicillininduced filaments to infer a role of cell division steps in the control of development of C. crescentus. Addition of the drug in low concentrations preferentially blocks cell division and prevents stalk formation at the flagellated pole of cells in subsequent generations. The penicillinsensitive step is located fairly early in the cell cycle (Fig. 2) . It occurs at about the same time as the first of three stages of cell division that can be identified morphologically in C. crescentus (11): formation of a division site, progressive pinching of the cell wall at this site, and finally cell separation. Penicillin does not appear to block formation of the first division site, however, since a slightly pinched region is present on most cells 3 h after the addition of penicillin (Fig. 4A and B) .
We interpret our results to show that control of stalk development is dependent upon the completion of certain cell cycle steps that are also required for division. The interruption of stalk development is a result ofthe block in cell division rather than a nonspecific effect of penicillin on stalk formation: (i) cell growth is not affected when division is blocked; (ii) stalk formation occurs normally when penicillin is added to isolated swarmer cells; (iii) stalk formation is not dependent upon cell separation since div-mutants blocked at very late stages in the cell cycle form stalks at both ends of filaments (6); and (iv) the normal developmental sequence is maintained after penicillin is removed from cultures, with stalk formation occurring after cell division.
The relationship between cell division and synthesis of flagella is less clear. Filaments are formed with multiple flagella, and this at least suggests that flagellin synthesis is not dependent upon completion of the penicillin-sensitive step. Direct measurements of the rates of flagellin synthesis (9) under the conditions used here are necessary to resolve this question.
Identification of a cell cycle step that is involved in the control of stalk development is consistent with a model proposed earlier to explain how programs for new cell types may be set up during cell differentiation (6) . Based on the analysis of one set of conditional cell cycle mutants of C. crescentus that fail to divide at high temperatures, we proposed that the "program" for stalk formation is organized before division as a branch from a dependent deoxyribonucleic acid synthesis-cell division pathway. This new program is then localized in some unspecified way within the developing swarmer cell. Several of the mutants (6), in fact, behave very much like cultures of wildtype cells that have been exposed to penicillin: they synthesize flagellin but fail to form stalks; i.e., they are blocked in a step on the division pathway that is located after a step required for flagellin synthesis but before a branch that leads to organization of the program for stalk formation. This correspondence of mutant and drug-induced phenotypes supports the idea that the effect of penicillin on cell division and stalk formation reflects a fundamental element of developmental control in these cells. Obviously, the penicillin and the mutations in question need not affect the same step in the dependent pathway.
Our results do not indicate how the penicillin-sensitive step interferes with the regulation of stalk development. An analysis of drugtreated cells and conditional mutants is now directed to determine whether this control over development is exerted at the level of gene expression (transcription or translation) or structure assembly.
